We have measured perceived speed and speed discrimination thresholds for stimuli that selectively activate the L-M, S-(L+M) cone opponent and L+M (luminance) post-receptoral pathways. For low speeds and low contrasts speed discrimination thresholds for L-M and S-(L+M) are similar but are higher and have a greater dependency upon contrast than those for luminance motion. These differences between chromatic and luminance speed perception can be eliminated when stimuli are equated with respect to their individual motion detection thresholds (MDTs). For fast moving gratings speed perception based upon L-M, S-(L+M) and L+M signals is similar in terms of threshold performance and contrast dependency. These results are consistent with the view that there are separate mechanisms for the analysis of chromatic and luminance motion, the relative contributions of which may change as a function of stimulus contrast and speed. The similarity in performance for S-(L+M) and L+M chromatic stimuli across a range of stimulus parameters suggests that signals derived from the two cone opponent pathways can be used equally well. Our results argue against the idea that speed perception is compromised when it is based upon information derived from the S-(L+M) cone opponent pathway.
Introduction
The ability of the visual system to analyse the motion of objects provides a fundamental means by which vital information can be obtained about the external environment. Additional to the basic analysis of motion and its direction, are judgements based upon the relative motion and speeds of objects. The analysis of such cues can provide the basis for behavioural tasks such as object tracking, capture or avoidance strategies. However, there is evidence to suggest that not all visual signals can be used with equal efficiency by the brain in the computation of stimulus speed. For example, the perception of speed when based upon chromatic as opposed to luminance contrast has been found to be compromised in the respect that the former stimuli are perceived to move more slowly than the latter, despite being physically identical terms of their speed (Cavanagh & Anstis, 1991; Cavanagh & Favreau, 1985; Cavanagh, Tyler, & Favreau, 1984; Dougherty, Press, & Wandell, 1999; Farell, 1999; Gegenfurtner & Hawken, 1995 Hawken, Gegenfurtner, & Tang, 1994; Henning & Derrington, 1994; Kooi & De Valois, 1992; Lu, Lesmes, & Sperling, 1999; Metha & Mullen, 1997; Mullen & Boulton, 1992a , 1992b Troscianko & Fahle, 1988) . The existence of such differences between the perception of chromatic and luminance motion initially appeared to provide support for models of the visual system which described the analysis of different kinds of visual information as taking place within parallel, segregated processing pathways. Colour and motion information, in particular, were considered to be the clearest examples of the kinds of visual signals that were likely to be analysed within separate pathways which ultimately projected to very different regions of the cerebral cortex (Livingstone & Hubel, 1987; Zeki, 1978) .
This strictly segregationist view of colour and motion processing is at odds with a large body of experimental evidence that indicates that colour can provide clear and unambiguous clues about the motion of visual stimuli (Cropper & Derrington, 1994 Gegenfurtner, Kiper, Beusmans, Carandini, & Zaidi, 1994; Cropper & Wuerger, 2005; Dougherty et al., 1999; Yoshizawa, Mullen, & Baker, 2000 . Yet the exact means by which chromatic signals are used in the analysis of motion remains contentious. The perception of motion by the visual system relies upon two kinds of mechanism; one is linear and is dependent upon the analysis of motion energy by low-level motion analysers (Adelson & Bergen, 1985) . The other is non-linear and relies upon the extraction of higher order information from moving objects. It forms the basis of cognitively more complex analysis, such as the tracking of features in a visual scene for example (Baker, Boulton, & Mullen, 1998; Cavanagh & Mather, 1989; Seiffert & Cavanagh, 1998) . There is good evidence to suggest that this non-linear, higher order motion mechanism receives chromatic input and can support the perception of isoluminant motion (Cropper & Derrington, 1996; Lu et al., 1999; Michna, Yoshizawa, & Mullen, 2007; Seiffert & Cavanagh, 1999; Yoshizawa et al., 2000) . By comparison, evidence supporting the existence of a chromatic input into linear low-level motion mechanisms is more inconsistent. On the one hand there are experimental results which indicate that there is a specific chromatic input (Cropper, 2005 (Cropper, , 2006 Cropper & Derrington, 1996; Cropper & Wuerger, 2005; Krauskopf & Farrell, 1990; Willis & Anderson, 1998) . For example, the ability of isoluminant chromatic motion stimuli to both induce and null motion after-effects (MAEs) which, importantly, exhibit chromatic selectivity strongly supports the existence of chromatic input to low-level motion mechanisms (Cavanagh & Favreau, 1985; Derrington & Badcock, 1985; Hepler, 1968; McKeefry, Laviers, & McGraw, 2006; Mullen & Baker, 1985) . On the other hand, opposing the view of chromatic input to low-level motion, are results which demonstrate that the discrimination of motion in chromatic stimuli is susceptible to masking by luminance noise. This masking suggests that analysis of chromatic motion by low-level motion analysers is based upon signals that are luminance-based (Baker et al., 1998; Lu et al., 1999; Yoshizawa et al., 2000 Yoshizawa et al., , 2003 Mullen et al., 2003) .
Current models describe the analysis of chromatic information as taking place within separate cone opponent processing pathways. Colour signals originating from the L-and M-cones are combined to form the L-M cone opponent or 'red-green' system, whilst those from the S-cones are combined with L-and M-cone signals to form the S-(L+M) opponent or 'blue-yellow' system. Historically, contributions from these two cone opponent systems to the perception of motion have been viewed differently. Whilst some studies have concluded that signals from the S-cone opponent system do not make any significant contribution to the perception of motion (Cavanagh et al., 1984; Ruppertsberg, Wuerger, & Bertamini, 2003) . Others have shown that S-cone signals, like L-M cone opponent signals, can make a contribution (Dougherty et al., 1999; Lee & Stromeyer, 1989; Lindsey & Teller, 1990; Ruppertsberg, Wuerger, & Bertamini, 2007) . Mullen and co-workers, using Gabor micropattern stimuli, have shown that the contributions of the L-M and S-(L+M) cone opponent systems are similar in the respect that both systems provide chromatic input to non-linear motion mechanisms. But their input to linear motion mechanisms seems to be based on signals that are more akin to luminance rather than colour information (Michna et al., 2007; Yoshizawa et al., 2000) . Whilst these results tend to emphasise the similarities between the L-M and S-(L+M) cone opponent systems in terms of their contributions to the analysis of motion, reports of differences between them do nonetheless persist in the literature. For example, Nguyen-Tri and Faubert (2002) have reported a substantial decrease in speed for moving S-cone isolating stimuli compared to other chromatic stimuli. This led them to conclude that information derived from the S-(L+M) cone opponent system cannot be used with the same efficacy as information from the L-M system in the computation of speed.
In the light of such discrepant findings we have re-examined the issue as to whether there are differences in the perception of motion when based upon the outputs of either the L-M, S-(L+M) or L+M post-receptoral mechanisms. We have examined the perception of speed supported by these stimuli, addressing two issues: firstly, whether the ability to perceive and discriminate speed is compromised for stimuli which activate only the S-cone driven opponent mechanism, as indicated by the results of Nguyen-Tri and Faubert (2002) . Or, alternatively, whether signals from all three post-receptoral mechanisms can be used with similar efficiency in the computation of speed. Thus far, whilst a number studies have investigated the perception of motion that is underpinned by the L-M and S-(L+M) cone opponent systems (Gegenfurtner & Hawken, 1995; Hawken et al., 1994; Yoshizawa et al., 2000 Yoshizawa et al., , 2003 Ruppertsberg et al., 2007; Michna & Mullen, 2008; Michna et al., 2007 ) only a small number of studies have examined the specific issue of speed discrimination for chromatic and luminance stimuli (Cropper, 1994; Cropper & Wuerger, 2005) . Moreover, these studies have largely concentrated on L-M chromatic stimuli and there has been little examination of the ability to discriminate the speed of moving stimuli that isolate the S-cone opponent pathway.
Secondly, we have also examined the extent to which the perception of speed supported by the L-M and S-(L+M) chromatic mechanisms is dependent upon stimulus parameters. Previous studies have highlighted the importance of stimulus speed/temporal frequency in determining the nature of the underlying mechanisms. Hawken et al. (1994) showed that the perceived speed of slowly moving red-green isoluminant gratings is highly dependent upon contrast, much more so than for faster moving or luminance versions of the stimuli, for which perceived speed was found to be contrast invariant. These results led to the proposal that, at least for slow moving stimuli, the analysis of colour and luminance motion takes place within separate processing pathways (Gegenfurtner & Hawken, 1995 Hawken et al., 1994) . Contrast also plays an important role in the perception of speed (Thompson, 1982) . In particular it is considered to be a key parameter in determining the nature of underlying detection mechanisms for chromatic motion. One proposal is that the dichotomy that exists for colour and luminance motion processing, described above, may only exist for low, but not for high, contrast stimuli (Seiffert & Cavanagh, 1999 ). The implication being that similar mechanisms are involved in the analysis of high contrast chromatic as well as luminance motion. A related issue is the suggestion that the perception of motion for isoluminant chromatic stimuli is deficient only in the respect that such stimuli are like very low contrast or noisy versions of luminance stimuli (Troscianko & Fahle, 1988) . The question arises therefore, that if chromatic stimuli are suitably scaled in relation to their luminance counterparts, can differences between them in terms of the quality of motion perception they support be negated? In the light of the importance of stimulus speed and contrast in the analysis of chromatic motion we compared their influence on S-(L+M) as well as L-M cone opponent stimuli.
Methods

Stimuli
Moving chromatic and luminance grating stimuli were presented on a high-resolution colour graphics monitor (GDM500; Sony, Tokyo, Japan; frame rate 120 Hz) controlled via a video graphics card (VSG 2/5; Cambridge Research Systems, Rochester, UK). The gratings were vertically oriented 1 cycle/°sinusoidal stimuli which were presented in square windows of side 2.5°cen-tred at a point 2°to the left of a fixation mark. The stimuli appeared on a grey (illuminant C) background of mean luminance equal to 12.5 cd/m 2 . The chromaticities of the reference and test stimuli could be controlled so as to produce chromatic modulations along a series of axes in DKL colour space (Derrington, Krauskopf, & Lennie, 1984) . L-, M-and S-cone modulation can be varied in this space by variation of azimuth (U) in the equiluminant plane. The chromatic gratings were produced by modulating between two different chromaticities in colour space. Two main axes of modulation were used: the first 0-180°or L-M axis which modulates only L-and M-cones and minimally activates S-cones (1931 CIE chromaticity co-ordinates: x 0 = 0.3819, y 0 = 0.2826, x 180 = 0.238, y 180 = 0.3494). The second, 90-270°or S-(L+M) axis, modulates only the S-cones, keeping L-and M-cone activation constant (x 90 = 0.2724, y 90 = 0.228, x 270 = 0.348, y 270 = 0.404). Calibration of stimuli in all experiments was performed using a PR650 Spectrascan Spectra Colorimeter.
In addition to isoluminant L-M and S-(L+M) chromatic stimuli, we also used versions of the stimuli which varied in terms of their luminance and chromatic contrast content. These stimuli were generated by varying the luminance ratios of the chromatic stimuli, where
L k1 and L k2 are the luminances of the constituent chromaticities of the chromatic grating. Luminance ratios of 0 and 1 generate purely luminance-defined stimuli, whilst a ratio close 0.5 (the exact value being dependent upon an individual's subjective setting) constitutes an isoluminant stimulus containing only chromatic contrast. Luminance ratios in between generate stimuli of varying amounts of chromatic and luminance contrast content. Individual isoluminant points for the chromatic stimuli were obtained using a minimum motion technique (Anstis & Cavanagh, 1983) and in the same positions on the monitor as they were appeared for the speed discrimination and matching experiments. Heterochromatic flicker photometry was also used to asses the participants' isoluminant points and gave values that were virtually identical to those obtained using the minimum motion method.
Psychophysical procedures 2.2.1. Motion detection
Motion detection thresholds (MDTs) for L-M, S-(L+M) and L+M grating stimuli were measured in preliminary experiments for each individual observer. These experiments employed a temporal 2AFC procedure and observers had to indicate in which interval they perceived the direction of either rightwards of leftwards motion. In addition to isoluminant L-M and S-(L+M) chromatic gratings, MDTs were also measured for non-isoluminant versions of these stimuli. Measurements were made for stimuli with luminance ratios equal to 1.0, 0.75, 0.25 and 0. In addition, MDTs were also measured for stimuli with luminance ratios that corresponded to ±0.05 above and below each observer's isoluminant point. Psychometric curves were based upon measurements made at seven contrast levels which spanned from sub-threshold to supra-threshold levels, with each level repeated at least 40 times. Bootstrap analysis (version 2.4 (1996) ; Foster & Bischof, 1991) was then used to calculate threshold levels of performance (i.e. 75% correct). Motion detection threshold values (mean of three observers) are shown in Table 1a and b for the different stimuli used.
Speed discrimination
Speed discrimination thresholds were measured using a selfpaced two alternative forced choice (method of constant stimuli) paradigm to obtain a psychometric function. In the experiments a reference stimulus was presented for 200 ms followed by an inter-stimulus interval of 500 ms, a test stimulus was presented (for 200 ms) randomly at one of seven different speed levels which spanned a range above and below the reference speed (typically between ±36% of the reference speed). In these experiments the reference and test stimuli were the same in the respect that they stimulated the same post-receptoral mechanism. Thus if the reference was an L-M stimulus, then the test was also an L-M stimulus and so forth for the S-(L+M) and L+M stimuli. The observers' task was to indicate by a button press whether the test or the reference stimulus was faster. The test and reference stimuli moved in opposite directions in order that tracking eye movements were minimised and their directions were randomised from trial to trial.
Speed matching
Measurements of perceived speed followed a similar protocol to that described above for the speed discrimination experiments. The same delayed speed matching paradigm was employed but in these experiments the speed of the reference stimulus, which could be an L-M, S-(L+M) or L+M stimulus, was always compared to a standard luminance (L+M) test stimulus which was set a fixed contrast of 7.5Â MDT.
Psychometric data from the speed discrimination and matching experiments were fitted by a logistic function of the form:
where y is the percentage of times the test was judged as moving faster than the reference, x is the speed of the test stimulus, l is the subjectively matched speed that corresponds to the 50% level on the psychometric function, and h is an estimate of the speed matching threshold. This final value (h) was divided by the reference speed to give a Weber fraction for speed discrimination (Dv/v).
Observers
Experiments were conducted by three observers (mean age 29 yrs) two of whom were the authors; the other subject (NB) was naïve to the aims of the experiment. All participants were colour normal according to the Farnswoth-Munsell 100 Hue and City University colour vision tests and were corrected to 6/6 or better with appropriate visual correction. The participants viewed the display binocularly with normal pupils and mild head restraint which maintained a constant viewing distance of 114 cm.
Results
Perceived speed and speed discrimination thresholds as a function of luminance ratio
Many studies have demonstrated that the perception of speed is compromised at isoluminance. For example, the perceived speed of a moving grating stimulus is much slower (%60% (Cropper & Wuerger, 2005) ) than for similar stimuli that are defined by luminance contrast (e.g. Cavanagh & Favreau, 1985; Cavanagh et al., 1984; Mullen & Boulton, 1992a; Troscianko & Fahle, 1988) . In this series of experiments we wanted to examine not only how perceived speed varied as a function of the chromatic and luminance contrast content of the stimulus, but also how speed discrimination thresholds varied for L-M, S-(L+M) and L+M motion stimuli. Perceived speed matches and speed discrimination thresholds were measured for L-M and S-(L+M) chromatic gratings of speed 3 deg/s. The composition of the stimuli was manipulated by adjusting the luminance ratio of the stimuli (see above). This allowed us to assess the behavioural consequences of systematically varying the stimuli from non-isoluminant, luminance-defined motion to isoluminant, chromatically-defined motion. Fig. 1 shows the results for the speed matching experiment where reference stimuli of varying luminance ratio were matched with a standard luminance test stimulus (luminance ratio = 1, contrast = 7.5Â MDT). The data for the L-M and S-(L+M) stimuli (solid lines) replicate previous findings in that they clearly show a perceived slowing of stimulus speed at isoluminance where the speed of the luminance test stimulus required to match that for isoluminant stimuli is below that of the actual speed (3 deg/s).
One problem with the simple adjustment of the luminance ratio of chromatic gratings is that once the ratio is shifted away from isoluminance, the resultant stimulus becomes even more suprathreshold due to changes in sensitivity for chromatic and luminance contrast. Arguably a more equitable way in which we should examine the perceived speed and its discrimination across stimuli of different luminance ratios would be to equate them with respect to their detectability (Cropper, 1994) . To this end we measured the motion detection thresholds (MDTs) using a 2AFC procedure for all of the motion stimuli at each luminance ratio. We then repeated the above experiments measuring the variations in perceived speed where both reference and test stimuli were all set at contrast levels equal to 7.5Â their respective MDT. Results from these threshold equated speed matches are shown by the dotted lines in Fig. 1 for the L-M and S-(L+M) stimuli. As can be observed, where previously there was a large drop in the perceived speed at isoluminance for the non-equated reference and test stimuli, now that the stimuli have been equated in terms of their MDTs there is no reduction in perceived speed for isoluminant chromatic stimuli. The speed matches made between the reference stimuli and the luminance test stimuli are at or close to veridical speed across all luminance ratios.
A similar pattern of results is shown in Fig. 2 for the measurements of speed discrimination thresholds. When stimuli of different luminance ratios are not equated with respect to their MDTs, Weber fractions are greatest (i.e. performance is worst) at isoluminance (ratio % 0.5). For luminance contrast motion stimuli (ratios = 1.0 or 0) on the other hand, speed discrimination thresholds are lower by almost a factor of two (solid lines). These differences in performance however are negated when stimuli of all luminance ratios are set at 7.5Â their respective MDT as shown by the dotted lines in these graphs. Under such conditions Weber fractions for speed are similar for all stimuli regardless of their luminance and/or chromatic contrast composition. In particular the data shown in Fig. 2 indicate that comparable levels of discrimination performance are obtained for equated L-M and S-(L+M) stimuli. This would seem to clearly indicate that signals from the S-cone driven post-receptoral mechanism are quite capable of providing information regarding the speed of such chromatic stimuli under the right stimulus conditions (Dougherty et al., 1999; Lindsey & Teller, 1990; Wandell et al., 1999) .
Speed discrimination as a function of contrast and reference speed
Results from the previous experiment raised the possibility that the ability to discriminate the speed of L-M and S-(L+M) chromatic stimuli is similar when the two types of stimulus are scaled with respect to their MDTs. In a second series of experiments we examined whether this similarity in performance for signals derived from the two cone opponent mechanisms extends across a wider range of stimulus parameters. Previous studies that have looked at chromatic speed discrimination have tended to concentrate on L-M stimuli. They have demonstrated that for low stimulus speeds (<4 deg/s) the ability to discriminate speed is contrast dependent for chromatic (L-M) stimuli but largely contrast invariant for luminance motion stimuli (e.g. Hawken et al., 1994) . At low contrast, the ability to discriminate the speed of L-M chromatic stimuli is worse than for luminance by at least a factor of two. However, at higher contrast levels stimuli, speed discrimination for chromatic motion improves and approaches that obtained for luminance stimuli (Cropper, 1994) .
In this experiment we have extended these findings to now include the examination of speed discrimination for S-(L+M) as well L-M and L+M stimuli. Our rationale was that if these measures of speed perception show similar dependencies, particularly for the two cone opponent stimuli, then this would imply that signals from the L-M and S-(L+M) opponent pathways are used in a similar fashion in the computation of speed contrary to the findings of Nguyen-Tri & Faubert, 2002. Fig. 3 shows the results from two observers where speed discrimination thresholds (specified in terms of Weber fractions (Dv/v)) are plotted for L-M, S-(L+M) and L+M motion stimuli as a function of stimulus contrast (defined in terms of multiples of MDTs). The contrast dependencies for the chromatic (L-M) and luminance (L+M) motion stimuli are similar to those reported previously by Cropper (1994) . Speed discrimination for S-(L+M) stimuli is very similar to that obtained for L-M stimuli. At low contrasts speed perception is highly contrast dependent and Weber fractions are higher than for luminance stimuli. However, as contrast increases Weber fractions for chromatic stimuli decrease and above 7-10Â MDT, speed discrimination for all three stimulus types reaches a comparable level.
This similarity in discriminative ability for L-M and S-(L+M) stimuli extends across different reference speeds. The data in Fig. 4 show Weber fractions (Dv/v) plotted as a function of reference stimulus speed and show discrimination thresholds for relatively low (20% above MDT) and relatively high (70% above MDT) contrast stimuli. For the low contrast stimuli at the slower speeds (<4 deg/s), speed discrimination for the L-M and S-(L+M) gratings is much worse compared to performance obtained for the luminance stimuli. However, with increasing reference stimulus speed chromatic performance improves and approaches that obtained for the luminance gratings. For stimuli of higher contrast the differences observed at low speeds for the low contrast stimuli are absent and speed discrimination for all chromatic and luminance stimuli are similar across the range of speeds tested. The results from this experiment demonstrate that when moving grating stimuli are either of sufficiently high enough contrast, or are relatively fast moving (>4 deg/s), then the ability to discriminate their speed is the same regardless of which of the L-M, S-(L+M) or L+M postreceptoral mechanisms they stimulate.
Discussion
We have measured speed discrimination thresholds and perceived speed for stimuli that selectively activate the L-M, S-(L+M) post-receptoral cone opponent mechanisms. When these stimuli are scaled in terms of their MDTs the perception of speed across the different stimulus types reaches comparable levels of performance. The results from experiment 1, which used chromatic and luminance stimuli that were not scaled in this fashion, replicate findings from previous studies (e.g. Cavanagh et al., 1984; Troscianko & Fahle, 1988) . They demonstrate that at isoluminance human speed perception can be compromised in the respect that stimuli appear to move more slowly and speed discrimination thresholds increase. But it is important to note that these deficiencies are only found when performance for chromatic stimuli is compared to that obtained with highly supra-threshold luminance motion stimuli. When appropriately scaled, signals from the S-(L+M) opponent system are just as capable as those from the L-M system in the signalling of stimulus speed. This finding runs counter to those studies which have suggested that S-cone signals are not as effective in signalling stimulus motion (e.g. Nguyen-Tri & Faubert, 2002) , but is consistent with those studies that suggest that information derived form both the L-M and S-(L+M) pathways is useful in the signalling of motion (Michna & Mullen, 2008; Michna et al., 2007; Yoshizawa et al., 2000) . Support for the idea that speed perception can utilise signals across all three post-receptoral mechanisms also comes from physiological studies that have looked at the nature of chromatic and luminance inputs to motion areas of the primate visual cortex. Single-unit recordings made by Barberini, Cohen, Wandell, and Newsome (2005) and Seidemann, Poirson, Wandell, and Newsome (1999) have clearly demonstrated that signals originating from the L-M and S-(L+M) cone opponent mechanisms can be recorded from neurons in V5/MT, a region of the primate brain crucial for the processing of motion and speed (Newsome & Pare, 1988; Zeki, 1974; Perrone & Thiele, 2001; Priebe, Casanello, & Lisberger, 2003) . Importantly, the sensitivities of neural activity and their correlations with motion perception are similar for neurons which receive either L-M or S-(L+M) input (Barberini et al., 2005) . Thus, the primate visual cortex would appear to have the required neural circuitry in place to support motion and speed processing based upon signals originating from all of the post-receptoral mechanisms (Dobkins & Albright, 1994; Gegenfurtner, Kiper, Beusmans, Carandini, & Zaidi, 1994; Seidemann et al., 1999; Thiele, Dobkins, & Albright, 1999 ). The result is that V5/MT neurons have the ability to process perceptually relevant motion signals across different stimulus types -a property known as cue-invariance (Albright, 1992) . A subset of neurons in V5/MT has been shown to be involved in the signalling of stimulus speed (Krekelberg, van Wezel, & Albright, 2006; Perrone & Thiele, 2001; Priebe et al., 2003) . These neurons are interesting in that they too exhibit a form of cue-invariance and are selectively responsive to stimulus speed, regardless of the spatial frequency composition of the moving stimulus (Perrone & Thiele, 2001 ). If our conclusions are correct regarding the fact that speed processing can utilise information derived from the L-M, S-(L+M) and L+M post-receptoral mechanisms, then we predict that these speed selective neurons should also be insensitive to the chromatic and luminance contrast composition of the moving stimuli, in addition to its pattern content (Burton & McKeefry, 2007) .
The perceived speed of moving stimuli is highly dependent upon their contrast (Stone & Thompson, 1992; Thompson, 1982) . Low contrast stimuli typically appear to move more slowly than higher contrast versions of the same stimulus, despite the fact that have the same physical speeds. Crucially, the perceived speed of slowly moving chromatic (L-M) grating stimuli shows a much greater dependence on contrast than the speed of luminance or fast moving chromatic stimuli (Gegenfurtner & Hawken, 1995 Hawken et al., 1994) . This finding has been central to the view that low speed chromatic and luminance motion are processing differently. Our results demonstrate that at low speeds whilst speed discrimination thresholds for chromatic L-M and S-(L+M) stimuli are similar, they are both higher than those for luminance stimuli. In addition, speed discrimination thresholds for slowly moving chromatic stimuli are very much dependent upon the level of contrast. By comparison, thresholds for luminance stimuli are largely contrast invariant. However, at faster speeds (>4 deg/s) the ability to discriminate the speed of moving chromatic L-M and S-(L+M) becomes similar to luminance stimuli in terms of both performance as well as invariance with increasing contrast. In these respects the results presented here are consistent with these results of (Hawken et al., 1994) and extend the findings to now include S-(L+M) stimuli. However, differences that are observed between chromatic (L-M and S-(L+M)) and luminance motion are largely eliminated for slowly moving stimuli when high contrast gratings are used. The fact that, with appropriate scaling, speed perception and discrimination for chromatic motion stimuli approach similar levels to those obtained for luminance stimuli tends to imply that the former are treated by the visual system as low contrast versions of the former (Troscianko & Fahle, 1988) . This implies that there is essentially little difference between motion signalled by colour or luminance. This however, may be too simplistic a view. Much of the current debate relating to whether there is a separable contribution by colour to motion perception centres around whether or not there is a purely chromatic input to low-level/linear motion mechanisms. Results from luminance noise masking experiments point to an absence of chromatic input to low-level motion mechanisms, as this kind of masking disrupts direction discrimination thresholds for chromatic linear motion stimuli (Baker et al., 1998; Yoshizawa et al., 2000 Yoshizawa et al., , 2003 . However, the possibility remains that there may be some chromatic input to linear mechanisms at high contrast levels . Such contributions may be behind persistent reports in the literature of evidence for chromatic linear motion mechanisms (Cropper, 2005 (Cropper, , 2006 Cropper & Wuerger, 2005) . In addition, they may also account for the existence of colour contingent MAEs and chromatically selective MAEs which interestingly in the case of the latter exist for high, but not for low contrast stimuli (Hepler, 1968; McKeefry, Laviers, & McGraw, 2006) . Many of the differences between colour and luminance motion perception are principally in evidence at low contrasts (see Figs. 3 and 4) where the mechanisms that signal the two kinds of motion are different. Under these conditions chromatic isoluminant stimuli are processed by non-linear, higher order mechanisms compared to those that signal luminance motion which are linear (Baker et al., 1998; Derrington, Allen, & Delicato, 2004; Sieffert & Cavanagh, 1999; Thiele, Rezec, & Dobkins, 2002; Yoshizawa et al., 2000) . Importantly, separate L-M and S-(L+M) chromatic inputs to the non-linear mechanisms have been revealed (Yoshizawa et al., 2000; Michna et al., 2007) which may explain the similarities in performance for the two types of chromatic stimuli.
At faster speeds and higher contrasts the differences between performance for chromatic and luminance stimuli are less distinct. The motion of fast moving chromatic stimuli is thought to be signalled by linear, low-level motion analysers which are not truly chromatic but instead rely upon luminance-based information derived from such stimuli (Cropper & Derrington, 1994 Gegenfurtner & Hawken, 1995 Hawken et al., 1994; Seiffert & Cavanagh, 1999; Michna et al., 2007; Yoshizawa et al., 2000) . These luminance signals arising from erstwhile isoluminant chromatic stimuli are thought to be the result of physiologically induced responses by such stimuli arising from neurons which would normally signal luminance contrast information. The term 'temporal chromatic aberration' has been coined for these contributions which may arise from phase delays between different cone types (Stromeyer, Kronauer, Ryu, Chaparro, & Eskew, 1995) , or frequency-doubled responses from the magnocellular system (Lee, Martin, & Valberg, 1989; Dobkins & Albright, 1993 , 1994 . Such inputs may explain why patients with cerebral achromatopsia maintain the ability to perceive the motion of high contrast, fast moving stimuli in the face of compromised colour processing capabilities . The existence of a common motion signal is also consistent with results from motion nulling experiments (Chichilnisky, Heeger, & Wandell, 1993) and induced misperceptions in stimulus speed that can be generated by L-M, S-(L+M) and L+M motion stimuli (Burton & McKeefry, 2007) . The latter findings in particular demonstrate that the perception of speed is highly dependent upon the combination of information from the three post-receptoral mechanisms which can take place across a relatively broad spatio-temporal window.
In conclusion, our experiments have shown that the neural processes that underpin the perception of speed can utilise signals arising from the L-M, S-(L+M) cone opponent pathways in a similar fashion. Under conditions of high contrast and fast speeds signals from these opponent pathways can be used with similar levels of efficiency to those derived from the luminance post-receptoral mechanisms and are likely to be based upon luminance-like inputs to low-level motion mechanisms. For low contrast, slow moving stimuli the perception of speed for L-M and S-(L+M) chromatic stimuli is deficient and has a greater contrast dependency compared to that for luminance motion. This is consistent with the view that separable non-linear and linear mechanisms may signal the motion of low contrast/low speed chromatic and luminance motion, respectively. For high contrast L-M and S-(L+M) chromatic stimuli, on the other hand, the ability to discriminate speed is comparable to that for luminance stimuli. This may indicate the operation of similar, presumably linear, motion mechanisms in the analysis of motion of such stimuli. However, it remains unclear as to whether the input to such mechanisms constitutes a purely chromatic input, or whether it is based upon luminance information arising from temporal chromatic aberrations.
